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Concerted radial migration of newly born cortical projection neurons, from their
birthplace to their final target lamina, is a key step in the assembly of the cerebral
cortex. The cellular and molecular mechanisms regulating the specific sequential steps
of radial neuronal migration in vivo are however still unclear, let alone the effects
and interactions with the extracellular environment. In any in vivo context, cells will
always be exposed to a complex extracellular environment consisting of (1) secreted
factors acting as potential signaling cues, (2) the extracellular matrix, and (3) other
cells providing cell–cell interaction through receptors and/or direct physical stimuli.
Most studies so far have described and focused mainly on intrinsic cell-autonomous
gene functions in neuronal migration but there is accumulating evidence that non-
cell-autonomous-, local-, systemic-, and/or whole tissue-wide effects substantially
contribute to the regulation of radial neuronal migration. These non-cell-autonomous
effects may differentially affect cortical neuron migration in distinct cellular environments.
However, the cellular and molecular natures of such non-cell-autonomous mechanisms
are mostly unknown. Furthermore, physical forces due to collective migration and/or
community effects (i.e., interactions with surrounding cells) may play important roles in
neocortical projection neuron migration. In this concise review, we first outline distinct
models of non-cell-autonomous interactions of cortical projection neurons along their
radial migration trajectory during development. We then summarize experimental assays
and platforms that can be utilized to visualize and potentially probe non-cell-autonomous
mechanisms. Lastly, we define key questions to address in the future.
Keywords: cerebral cortex, radial projection neuron migration, non-cell-autonomous mechanisms,
neurodevelopmental migration disorders, single cell analysis
INTRODUCTION
The mammalian neocortex is built by distinct classes of neurons and glial cells which are organized
into six stratified layers. Here we focus on projection neurons, the major neuronal population
in the cortex. Projection neurons emerge from radial glial cells (RGCs) in the ventricular zone
(VZ), intermediate progenitor cells (IPCs), and outer radial glial cells (oRGs, aka basal radial glia,
bRGs) which divide in the subventricular zone (SVZ) (Ayala et al., 2007; Hansen et al., 2010;
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Wang et al., 2011; Borrell and Götz, 2014). Nascent projection
neurons migrate from their place of origin in the VZ/SVZ to
their final target position, a process which is highly regulated
(Ayala et al., 2007; Valiente and Marín, 2010; Evsyukova et al.,
2013). Concerted migration of sequentially generated projections
neurons results in a neocortex which is structured into six distinct
layers (I–VI), each with different cellular composition and
arranged in an inside-out fashion (McConnell, 1995; Lodato and
Arlotta, 2015) (Figures 1A,B). In order to establish the correct
cortical layering during development, projection neurons exhibit
radial migration from the VZ/SVZ to the cortical plate (CP).
Around embryonic day 11 (E11), post-mitotic neurons migrate
mainly by pulling up the soma in the upright direction by using
a basal process that is firmly attached to the pial surface. This
migration mode is termed somal translocation (Nadarajah et al.,
2001). The first cohort of migrating neurons form the preplate
(PP), a structure which only exists transiently (Allendoerfer and
Shatz, 1994; Nadarajah et al., 2001). At around E12, consecutive
waves of neurons migrate toward the pial surface and establish
the CP by splitting the PP into the two distinct structures: the
deeper located subplate (SP) and the superficially positioned
marginal zone (MZ) (layer I) (Ayala et al., 2007) (Figure 1A).
The subsequent populations of migrating neurons establish the
‘first’ layer of projection neurons (i.e., layer VI) in the CP which
progressively expands in the vertical direction in an inside-out
manner (Figure 1). In other words, earlier generated neurons
settle in the deeper layers (layers V, VI) whereas later generated
neurons migrate through the deep positioned neurons creating
more superficial layers (II, IV) (Angevine and Sidman, 1961;
McConnell, 1995; Valiente and Marín, 2010).
Studies applying histological and time-lapse imaging
techniques have shed some light on the dynamics of the radial
migration process and described distinct sequential steps of
projection neuron migration (Figure 1A) (Nadarajah et al., 2003;
Tabata and Nakajima, 2003; Noctor et al., 2004). Newly-born
neurons delaminate from the VZ and move toward the SVZ
where they accumulate in the lower part and acquire a multipolar
shape, characterized by multiple processes pointing in different
directions (Tabata et al., 2009). In the SVZ, multipolar neurons
move tangentially, toward the pia or toward the VZ (Tabata
and Nakajima, 2003; Noctor et al., 2004). Multipolar neurons
can remain up to 24 h in the multipolar state in the SVZ. Next,
within the SVZ and the lower part of the intermediate zone
(IZ) multipolar neurons switch back to a bipolar state with a
ventricle-oriented process that eventually develops into the axon.
The pial oriented leading process is established by reorienting
the Golgi and the centrosome toward the pial surface (Hatanaka
et al., 2004; Yanagida et al., 2012). Upon multi-to-bipolar
transition, neurons attach to the radial glial fiber in the upper
part of the IZ and move along RGCs in a migration mode
termed locomotion, while trailing the axon behind and rapidly
extending and retracting their leading neurite before reaching
the SP (Hatanaka et al., 2004; Noctor et al., 2004). Neurons
then cross the SP and enter the CP still migrating along the
RGCs until they reach the marginal zone (MZ). Just beneath
the MZ neurons stop locomoting and detach from the radial
glia fiber to perform terminal somal translocation and settle
in their target position where they eventually assemble into
microcircuits (Rakic, 1972; Nadarajah et al., 2001; Noctor et al.,
2004; Hatanaka et al., 2016). All sequential steps of projection
neuron migration are critical and disruption at any stage (e.g.,
due to genetic mutations in genes encoding core migration
machinery) can lead to severe cortical malformations (Gleeson
and Walsh, 2000; Guerrini and Parrini, 2010). Therefore each
step of projection neuron migration must be tightly regulated.
Many genes have been identified as causative factors for cortical
malformations (Heng et al., 2010; Valiente and Marín, 2010;
Evsyukova et al., 2013) and several of the key molecules involved
in neuronal migration, e.g., LIS1, DCX, and REELIN have been
investigated in detail by molecular genetics (Kawauchi, 2015).
Recently, approaches involving in vivo electroporation and
time-lapse imaging of brain slice cultures have shed light on
crucial roles for the dynamic regulation of the cytoskeleton,
extracellular cues and cell adhesion during neuronal migration
(Noctor et al., 2004; Schaar and McConnell, 2005; Simo et al.,
2010; Franco et al., 2011; Jossin and Cooper, 2011; Sekine et al.,
2012). An emerging picture is arising with distinct molecular
programs regulating neuronal migration through the different
compartments VZ/SVZ, IZ, and CP (Kwan et al., 2012; Greig
et al., 2013; Hippenmeyer, 2014; Hansen et al., 2017; Jossin,
2020). However, the precise regulatory mechanisms which
coordinate each and every specific step of radial migration are
still largely unknown, let alone the effects and interactions with
the extracellular environment. Most studies so far have described
and focused mainly on intrinsic cell-autonomous gene functions
(Figure 1A) in neuronal migration (reviewed in Heng et al.,
2010; Valiente and Marín, 2010; Evsyukova et al., 2013) but
there is accumulating evidence that non-cell- autonomous-,
local-, systemic- and/or whole tissue-wide effects (Figures 1A,C)
substantially contribute to the regulation of radial neuronal
migration (Hammond et al., 2001; Yang et al., 2002; Sanada et al.,
2004; Youn et al., 2009; Hippenmeyer et al., 2010; Franco et al.,
2011; Hippenmeyer, 2014; van den Berghe et al., 2014; Gorelik
et al., 2017; Nakagawa et al., 2019).
NATURE OF NON-CELL-AUTONOMOUS
MECHANISMS IN RADIAL PROJECTION
NEURON MIGRATION
In any in vivo context, cells will always be exposed to a
complex extracellular environment consisting of (1) secreted
factors acting as potential signaling cues, (2) the extracellular
matrix, and (3) other cells providing cell–cell interaction
through receptors and/or direct physical stimuli (Figure 1C).
Therefore, most genes controlling radial neuronal migration
can potentially, besides cell-autonomous functions, also act
through non-cell-autonomous mechanisms. As such, non-
cell-autonomous regulatory cues could involve molecular,
cellular, or physical components (Figure 1C). Hence, the
distinction between cell-autonomous gene function and non-cell-
autonomous mechanisms is important to be able to define the
different facets of a gene function in vivo and thus intact tissue
context. Below we will describe recent studies and findings which
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FIGURE 1 | Non-cell-autonomous mechanisms in radial projection neuron migration. (A) Migrating cortical projection neurons go through several steps and phases
during their journey from their birthplace in the ventricular/subventricular zone (VZ/SVZ) to their final position in the CP. In the left panel, an isolated radially migrating
projection neuron is shown to illustrate intrinsic cell-autonomous mechanisms controlling radial migration. The right panel illustrates that radially migrating projection
neurons, which are embedded in an environment consisting of many other cells, are potentially influenced (in addition to cell intrinsic cues) through
non-cell-autonomous mechanisms (See panel C). (B) The six layered (I–VI) structure of the adult mouse cerebral cortex. The layers are assembled in an inside out
fashion where layers V, VI are the earliest generated and layers II–IV the latest generated cortical projection neurons. (C) Possible non-cell-autonomous cellular and
molecular interactions during radial projection neuron migration. In any in vivo context, cells will always be exposed to a complex extracellular environment consisting
of secreted factors acting as potential signaling cues, the extracellular matrix and other cells providing cell–cell interaction through receptors and/or direct physical
stimuli. VZ, ventricular zone; SVZ, subventricular zone; IZ, intermediate zone; SP, subplate; CP, cortical plate; WM, white matter; L I-VI, layers 1–6.
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have started to describe and characterize non-cell-autonomous
effects and mechanisms in projection neuron migration.
Secreted Molecules and the Extracellular
Matrix
One of the most apparent non-cell-autonomous interactions
includes secreted molecules produced in one cell and eliciting
a response in another cell. In addition, interactions with the
extracellular matrix are bound to happen for any cell and
can occur in various ways. The extracellular matrix provides
both structural organization of the cerebral cortex as well as
the control of individual neurons. Neuronal migration and
lamination is organized by extracellular matrix glycoproteins
such as, e.g., laminins, tenascins, proteoglycans, and Reelin
(Barros et al., 2011). The specific type of interaction of neurons
with secreted molecules and the extracellular matrix and their
role in radial neuronal migration have been reviewed recently in
detail elsewhere (Franco and Müller, 2011; Maeda, 2015; Long
and Huttner, 2019). Here we will briefly elaborate upon a few
secreted molecules, mainly Reelin, which play roles in neuronal
migration and brain development in general. The Reelin/Dab1
signaling cascade represents one of the best characterized
signaling pathways in the developing brain. Reelin is a secreted
protein mainly expressed by Cajal-Retzius cells in the MZ of the
cortex (Ogawa et al., 1995) and acts via DAB1 in the control of
radial projection neuron migration (Rice et al., 1998; Honda et al.,
2011). The originally isolated reeler mouse mutant and Dab1 KO
mice show a severe disorganization of cortical projection neurons
resembling a neocortex layering which is more or less inverted
(Caviness and Sidman, 1973). Reelin has been hypothesized to
inherit a number of distinct signaling modalities and functions
in cortical neuronal migration (Honda et al., 2011; D’Arcangelo,
2014) but the precise role in the local microenvironment of
migrating projection neurons is not clear (Jossin, 2020). Yet,
Reelin is mainly secreted from the CR-cells in the MZ and
processed Reelin fragments has been shown to diffuse from
the MZ into the CP and IZ of the developing cortex (Jossin
et al., 2007; D’Arcangelo, 2014; Koie et al., 2014). Interestingly,
when Reelin is ectopically expressed and secreted by migrating
neurons in the IZ, it leads to aggregation of neurons near this
ectopic Reelin-rich region resembling the structure of the MZ
(Kubo et al., 2010). Furthermore, sequential labeling of migrating
neurons revealed that the late-born neurons can still pass by the
early-born neurons during the formation of an ectopic Reelin
rich aggregate (Kubo et al., 2010). These results indicate that
Reelin may have distinct roles in long range versus local signaling.
Moreover, a recent study investigating a FMCD-causing (Focal
malformations of cortical development) mutation revealed that
over activation of AKT3 in a fraction of migrating neurons
would lead to misexpression of Reelin in these cells and thereby
affect the migration of wild-type neighboring cells in a non-
cell-autonomous manner (Baek et al., 2015). Moreover, RNA-seq
expression profiling was employed to further investigate the non-
cell-autonomous migration defect which could be due to direct
physical blockade of the wild-type cells or have a more specific
signaling mechanism. The gene ontology enrichment of the 835
significantly deregulated genes identified four main categories for
neuronal development, migration, signaling and homeostasis and
cell cycle regulation. This suggests that the non-cell-autonomous
defect might underlie a more complicated mechanism than just
a simple blockade of neurons (Baek et al., 2015). Clearly, the
above studies show that global or local expression of a secreted
molecule can cause distinct phenotypes, and demonstrating
significant non-cell-autonomous impact on projection neuron
migration.
Reelin signaling in the control of radial projection neuron
migration acts via the intracellular adaptor protein DAB1 (Rice
et al., 1998; Honda et al., 2011). Studies applying genetically
engineered chimeric mice have suggested that environmental
conditions play a role in proper neuronal positioning, and
proposed a non-cell-autonomous effect and/or element of Dab1
function (Hammond et al., 2001; Yang et al., 2002). By using
conditional-KO (cKO) mice, in which Dab1 is specifically deleted
after preplate splitting and only in late-born neurons, it was
observed that wild-type early born neurons were positioned in
the outer layers instead of their usual position in the inner cortical
layers. This would suggest that early-born neurons are being
“passively” displaced into a deeper position by later-born neurons
(Franco et al., 2011). Taken together, the pleiotropy of Reelin-
Dab1 loss of function phenotypes could be significantly affected
by non-cell-autonomous effects elicited by environmental factors
and/or community effects in addition to the cell-autonomous
function of Reelin signaling on migrating neurons.
Fibroblast growth factors (FGFs) is a family of secreted
molecules and their receptors (FGFRs) were recently shown to
play an important role in radial projection neuron migration
(Ford-Perriss et al., 2001; Ornitz and Itoh, 2015; Szczurkowska
et al., 2018; Kon et al., 2019). A recent study implicated FGFRs
in the regulation of the migration orientation of multipolar
neurons and the multipolar-to-bipolar transition. It was shown
that FGFRs are activated by N-Cadherin when binding in cis
on the same cell which prevents degradation and results in
accumulation of FGFR which stimulate prolonged activation
of extracellular signal-regulated kinase (Erk1/2) required for
multipolar migration (Kon et al., 2019). In another study,
NEGR1, another cell adhesion molecule, was shown to interact
with FGFR2 thereby regulating neuronal migration and spine
density (Szczurkowska et al., 2018). This study showed that
NEGR1 physically interacts with FGFR2 and prevents it from
being transported for lysosomal degradation. This accumulation
of FGFR2 results in the maintenance of downstream ERK and
AKT signaling. These two above studies have shown that FGFR
receptors are important in neuronal migration, however the
exact response mechanism of secreted FGF ligands is currently
unknown. Since a large number of FGFs are expressed in the
developing cortex and FGFRs are also activated by heparan
sulfate proteoglycans, it is challenging to investigate which and
how a specific FGF is involved in neuronal migration (Ford-
Perriss et al., 2001; Ornitz and Itoh, 2015). The fact that
FGFRs physically interact with different cell adhesion molecules,
but act on similar downstream signaling pathways important
for neuronal migration, indicates an important general role
of FGFR signaling.
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Recent findings suggest that alteration of individual neurons
might also affect the entire cellular community. As such, a screen
identified several potential non-cell autonomous regulators of
radial neuronal migration and described autotaxin (ATX) to
affect the localization and adhesion of neuronal progenitors in a
cell autonomous and non-cell autonomous manner (Greenman
et al., 2015). In a follow-up study, Serping1, a candidate gene
identified in the above screen, was found to be expressed and
secreted by neurons during brain development and to both affect
radial neuronal migration in a cell-autonomous and non-cell-
autonomous way (Gorelik et al., 2017). Besides affecting the
positioning of the neurons, loss of Serping1 gene function would
also affect the cellular morphology of the neighboring neurons
since knockdown neurons exhibited long leading processes which
were also observed in the adjacent non-manipulated neurons
(Gorelik et al., 2017).
Cell–Cell Interactions Among Migrating
Cortical Projection Neurons
It has been observed that migrating neurons can have a positive
and negative influence on each other depending on their genetic
constitution and the environment. However, the nature of
potential positive and/or negative non-cell-autonomous effects
and how they affect the migration of mutant and wild-type
cortical projection neurons is currently unclear (Hippenmeyer,
2014). Cell–cell interactions during collective cell migration, in
a variety of cell types, have indeed been observed previously.
Interactions mainly occur when two or more cells that retain
their cell–cell contacts move together while coordinating their
actin dynamics and intracellular signaling (Friedl and Gilmour,
2009; Tada and Heisenberg, 2012; Londono et al., 2014).
Studies looking at collective migration, e.g., in neural crest cells
has provided information for the understanding of balanced
interaction of cell adhesion and cell signaling between collectively
migrating cells. Balancing adhesion and repulsion is one major
factor mediating both individual cell and collective migratory
coordination (Shellard and Mayor, 2020). Therefore, collective
decision making and organization of cells is crucial for the
generation of complex tissue and could also apply for the
assembly of the cerebral cortex which relies on the migration
of neurons. An example of such an collective effect could be
physical properties where mutant (which may be less agile)
neurons either “piggyback” on adjacent normally migrating
neurons or get passively pushed or pulled by a migrating
cellular population. Collective influences could also have a
negative effect if most or all neurons are mutant and less
dynamic, thereby leading to improper migration. Another effect
of surrounding neurons could be through signaling, to stimulate
or tune down the intrinsic migratory machinery of deficient
neurons. This would suggest a mechanism whereby active
signaling is utilized through transmembrane receptors and/or
extracellular matrix components. Indeed such mechanisms have
been described in various cell types where mutant cells negatively
affect migration by direct contact inhibition (Huttenlocher et al.,
1998; Becker et al., 2013). Upon ectopic expression of cell
adhesion molecules, such as N-cadherin, Integrin, Focal adhesion
kinase and the focal-adhesion adaptor protein Paxillin in cell
culture, direct cell–cell contact inhibited migration. Interestingly,
when mutant cells were surrounded by wild-type cells no such
effect was seen. Nevertheless, when mutant cells were in direct
contact with other mutant cells then the migratory process
was inhibited (Huttenlocher et al., 1998; Becker et al., 2013).
Although this effect was shown in vitro it could also apply to
migrating projection neurons in vivo. However, in the case of
N-cadherin, the cause of inhibited migration could be due to
intracellular trafficking and abundance of N-Cadherin rather
than expression itself. A study has shown that Rab5-dependent
endocytotic-, and a Rab11-dependent recycling pathway regulate
N-cadherin trafficking, thereby mediating adhesion between
a migrating projection neuron and the radial glial fiber
(Kawauchi et al., 2010).
In vivo studies have recently shown that mutant Ndel1
MADM (mosaic analysis with double markers)-labeled neurons,
surrounded by a normal environment, exhibit different migration
phenotypes when compared to mutant projection neurons in
whole cortex knockout (Youn et al., 2009; Hippenmeyer et al.,
2010; Hippenmeyer, 2014). Ndel1 mutant neurons were incapable
of moving in mice with a complete loss of Ndel1 in the
whole cortex, whereas Ndel1 mutant neurons could migrate
through the VZ/SVZ/IZ in a mosaic environment containing
wild-type, heterozygous and mutant neurons (Youn et al., 2009;
Hippenmeyer et al., 2010). Thus, the comparison of mutant Ndel1
neurons in mutant versus normal environment clearly suggests
a major influence of tissue-wide and/or community effects on
radial projection neuron migration. However, the molecular
and cellular mechanisms that differentially affect mutant Ndel1
projection neurons in distinct environments remain unknown.
Interestingly, differential gene expression analysis of brains from
wild-type mice and full knock out mouse models for Ndel1
(and Lis1, and Ywhae acting in the same signaling pathway)
have revealed that cell adhesion, and cytoskeleton organization
pathways are commonly altered in these mutants (Pramparo
et al., 2011). Since cell adhesion is one of the commonly identified
deregulated pathways, it would be obvious to speculate that
the non-cell-autonomous response could be emerging from
cell–cell or cell–matrix interactions and in the end cause the
developmental phenotype observed in, e.g., Ndel1 knockout mice.
P35 is the main activator of CDK5, a serine/threonine kinase
mainly expressed in the brain (Su and Tsai, 2011; Kawauchi,
2014). In a study investigating p35, it was found that when
rescuing p35 in a subset of neurons in an otherwise p35-deficient
environment, rescued neurons would migrate ‘normally’ like
wild-type neurons, indicating a prominent cell-autonomous gene
function of p35 (Gupta et al., 2003). However, in a follow-
up study using p35 chimeras (creating a mix of wild-type and
p35 deficient neurons), a partial non-cell-autonomous rescue
of p35 mutant neurons was seen. Interestingly, within the p35
chimeras it was observed that mutant cells were always present
in a higher proportion compared to wild-type cells. These
data indicate a certain degree of disadvantage of the wild-type
neurons within the mutant cortical landscape, which could be
due to non-cell-autonomous effects (Hammond, 2004). While
p35/Cdk5 signaling may significantly influence how neurons
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interact with one another the nature of these interactions are
currently unclear. These interactions however likely involve cell–
cell adhesion and/or other community effects (Kwon et al.,
2000; Hammond, 2004; Kawauchi, 2012, 2014). Interestingly, the
Reelin-DAB1 pathway (see above) has also been shown to control
cell-adhesion during neuronal migration (Sekine et al., 2014).
Thus a common component of the underlying mechanisms
inherent to non-cell-autonomous effects, and as observed in p35
and Dab1 mutant, may be acting through similar cell-adhesion
signaling modules.
Heterogeneous Cell–Cell Interactions of
Migrating Cortical Projection Neurons
The developing brain consists of a heterogeneous mix of different
cell types. Therefore, cell–cell interaction between distinct cell
types, e.g., a radial glial cell and a migrating neuron, is one
such example. Most radially migrating neurons are dependent
on the radial glial fiber on which they locomote to move toward
the pial surface and surpass earlier born neurons (Rakic, 1972;
Nadarajah et al., 2001; Kriegstein and Noctor, 2004). Hence, the
migrating neurons are dependent on a proper RGC fiber grid
to be able to migrate properly. Indeed, disruption of the proper
organization of the RGC fiber grid leads to non-cell-autonomous
migration phenotypes because the main substrate of migrating
neurons is perturbed (Belvindrah et al., 2007; Cappello et al.,
2012; Nakagawa et al., 2019). Such findings initially emerged in
a study investigating beta1 integrins in neuronal development.
In a KO mouse model which lacks beta1 integrin in the entire
central nervous system, consequently in both radial glia cells
and neurons, the formation of cortical layers were affected
due to perturbations in the radial glial end feet contacting
the marginal zone (Graus-Porta et al., 2001). Moreover, the
morphology of the apical dendrites of the pyramidal neurons was
also perturbed. However, when ablating beta1 integrin specifically
in neurons that migrate along radial glial fibers, and not in
the radial glia cells themselves, no neurodevelopmental defect
was observed (Belvindrah et al., 2007). These findings clearly
showed that when one indispensable cell type (in this case
the radial glial cell) was impaired, it indirectly affected the
migrating neurons and resulted in disrupted layering of the
cortex due to non-cell-autonomous effects (Belvindrah et al.,
2007). Furthermore, investigation of the interaction of Cajal
Retzius (CR) cells and migrating neurons has shown that
perturbation of Nectin1 function in CR cells alone would affect
the interaction of CR cells and the leading processes of migrating
neurons (Gil-Sanz et al., 2013). This altered interaction non-
cell-autonomously disturbed radial glial cell-independent somal
translocation of radially migrating neurons in the cortical plate
(Gil-Sanz et al., 2013).
A recent study investigating Memo1 showed that cKO in
neurons and glia would cause excessive branching of the basal
processes of the RGCs resulting in altered tiling of the RGC
scaffolding grid and aberrant lamination of neurons (Nakagawa
et al., 2019). However, deletion of Memo1 only in post-mitotic
neurons, and not RGCs, did not affect neuronal migration.
Therefore, the altered tiling of the RGCs non-cell-autonomously
perturbed neuronal migration and thereby caused abnormal
lamination of the cortex (Nakagawa et al., 2019).
In Flrt1/3 double-knockout mice, which develop macroscopic
cortical sulci, it was found that the lack of Flrt1/3 resulted in
reduced intercellular adhesion which lead to a mild acceleration
of radially migrating neurons and enhanced clustering of neurons
along the tangential axis (del Toro et al., 2017). The clustering of
neurons was hypothesized to result from repulsive interactions
with neighboring neurons and radial glial cells suggesting a
non-cell-autonomous effect of the Flrt1/3 ablation on radial
neuronal migration (Seiradake et al., 2014; del Toro et al.,
2017). In a subsequent study it was shown that Teneurins,
Latrophillins and FLRTs interact and direct radial neuronal
migration by slowing down migration by possible coincidence
contact repulsion between the neurons and the radial glia cells
(del Toro et al., 2020).
Taken altogether, the above observations suggest that
neuronal migration and proper lamination of the developing
neocortex are significantly affected by non-cell-autonomous
components. However, the precise underlying cellular and
molecular mechanisms of non-cell-autonomous effects on radial
neuronal migration have yet to be explored by rigorous
qualitative and quantitative means. The lack of information on
non-cell-autonomous effects is mainly due to the limitation of
experimental assays that allow for investigation of such events
in vivo and with single cell resolution. To this end, in the below
section we illustrate contemporary experimental paradigms that
have the potential to systematically analyze non-cell-autonomous
mechanisms in radial migration of cortical projection neurons.






In this section we will specifically elaborate on the experimental
paradigms which can be utilized to dissect non-cell-autonomous
mechanisms in cortical projection neuron migration.
Chimeras
A chimera is an animal that has two or more populations
of genetically distinct cells. Therefore, chimeric animals allow
for the presence of mutant cells in an otherwise wild-type
background or vice versa. Depending on the degree of chimerism
(i.e., ratio of wild-type versus mutant cells) such assay offers one
way to distinguish between cell-autonomous gene function and
non-cell-autonomous mechanisms in vivo (Figure 2A) (Gilmore
and Herrup, 2001; Hammond et al., 2001; Hammond, 2004).
Any phenotypic difference seen between the neurons of the
same genotype, but present in distinct genotypic environments
indicate non-cell-autonomous effects. However, the degree of
chimerism is hard to control, especially in the embryo. Therefore
comparative studies across distinct individual animals may be
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FIGURE 2 | Experimental paradigms to genetically dissect non-cell-autonomous mechanisms in radial cortical neuron migration. (A) Chimeras. A chimera is an
animal that has two or more populations of genetically distinct cells. Depending on the degree of chimerism (i.e., ratio of wild-type versus mutant cells), such assay
offers one way to distinguish between cell-autonomous gene function and non-cell-autonomous mechanisms in vivo. Any phenotypic difference seen between the
neurons of the same genotype, but present in distinct genotypic environments indicate non-cell-autonomous effects. (B) Retroviral infection. Retroviral infection
allows to sparsely target developing neurons by either expression of the reporter only (e.g., in a wild-type or mutant environment) or using a viral vector that encodes
(Continued)
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FIGURE 2 | Continued
a wild-type or mutant version of the gene of interest in combination with a reporter. This facilitates the inactivation or rescue of the gene of interest in either wild-type
or mutant environments, allowing for the distinction of cell-autonomous gene function and non-cell-autonomous effects. Appropriately diluted retrovirus encoding the
reporter and gene of interest allows for the discrimination of individual neurons and one can adjust the viral titer to generate more or less sparsely targeted neuronal
populations. (C) In utero electroporation. Timed in utero electroporation for inactivation of a gene allows the sparse targeting of nascent migrating neurons in an
otherwise wild-type environment. The inactivation of a specific gene can either be achieved by gene knockdown in combination with a reporter in a wild-type mouse
or by electroporation of an expression vector which drives expression of CRE and a reporter into a mouse carrying a conditional floxed allele. In this paradigm one
can mainly dissect the cell-autonomous gene function in the targeted neurons, although the presence of non-cell-autonomous effects provided by the wild-type
environment will be present (mutant cells in wild-type environment). To investigate non-cell-autonomous effects, it is necessary to electroporate of a separate set of
tissue only with the fluorescent reporter in an otherwise mutant environment (mutant cells in mutant environment). Thus, neurons mutant for the same gene in two
different environments allows for the distinction of non-cell-autonomous effects, provided that a different phenotype is observed between the mutant cells in each
specific environment. Wild-type neurons in an otherwise mutant background by (over)expression of a rescue construct would further allow determination of
non-cell-autonomous effects originating from the mutant environment (wild-type cells in mutant environment). The comparison of these three distinct paradigms will
facilitate detailed description of cell-autonomous gene function and non-cell-autonomous effects. (D) Consecutive electroporation. Consecutive electroporation
enables labeling, genetic manipulation and the monitoring of two or more distinct neuronal populations in the developing embryonic brain. The first neuronal
population is electroporated for gene knockdown and the consecutive population with control fluorescent markers or vice versa (first mutant, then wild-type). In such
assay, the phenotype of the first cohort of electroporated cells can reflect cell-autonomous gene function whereas the phenotype of the second cohort of cells could
reflect a combination of directed non-cell-autonomous effects originating from the first cohort and more global community effects. (E) MADM. Mosaic analysis with
double markers (MADM) allows for the analysis of sparse genetic mosaic (sparse mosaic) versus global/whole tissue (full-KO) ablation of a candidate gene with single
cell resolution. This allows to quantitatively analyze non-cell-autonomous effects by subtracting the phenotype present in the sparse mosaic from the full-KO
(cell-autonomous + non-cell-autonomous) versus cell-autonomous (sparse mosaic). It is important to note that the background cells in a MADM sparse mosaic are
heterozygous and may need adjustment of the paradigm in the case of investigation of a dosage-sensitive gene (haploinsufficiency). In that case, the MADM
experiment can also provide a solution by comparing all genotypes/colors, e.g., green –/–, red + / + and yellow ±. For details of such application the reader is
referred to Hippenmeyer et al., 2010. (F) Optogenetics. Optogenetics facilitates the use of genetically encoded tools to temporally control gene expression or protein
function with light. Viral infection approaches and transgenic mice expressing optogenetic effector proteins in a Cre-dependent manner can be utilized to generate
photoactivatable tissue. These approaches can create experimental paradigms which enable investigation of mutant neurons in an otherwise wild-type environment
vs. wild-type neurons in a mutant environment in a spatiotemporal manner (G) In toto imaging. In toto live-imaging can visualize the movement of individual cells and
their interactions with the surrounding cells within the whole developing tissue. This would allow for a direct assessment of non-cell-autonomous effects exerted by
the neighboring cells on an individual cell or vice versa. In toto imaging mostly involves labeling of all cell membranes so each cell in the organism/microenvironment
can be tracked and segmented. Here, a two-color combination of a membrane-localized fluorescent protein and a histone-fused fluorescent protein labeling
chromatin which allows for tracking the cell membrane morphologies and nuclei movement has been displayed. Tracking the exact cell boundaries of the neurons
spatiotemporally would enable the mapping of the physical interactions and forces which are exerted by the individual cell and that of the surrounding cells.
challenging. Yet, a few studies have very successfully applied
chimeras to study radial neuronal migration in the cerebral cortex
and have described the presence of non-cell-autonomous effects
(Hammond et al., 2001; Yang et al., 2002; Hammond, 2004).
Viral Infection
In utero injection of virus encoding a reporter, e.g., green
fluorescent protein (GFP) has widely been used to investigate
neuronal migration, lineage tracing and clonal analysis in vivo
(Gaiano et al., 1999; Malatesta et al., 2000; Kaspar et al.,
2002; Gupta et al., 2003; Sanada et al., 2004; Stott and Kirik,
2006; He et al., 2015). Retroviral encoding allows to sparsely
target developing neurons by either expression of the reporter
only (e.g., in a wild-type or mutant environment) or using
a virus vector that encodes a wild-type or mutant gene of
interest in combination with a reporter. This facilitates the
inactivation or rescue of the gene of interest in either wild-
type or mutant environments, allowing for the distinction of
cell-autonomous gene function and non-cell-autonomous effects
(Figure 2B). Appropriate dilution of the retrovirus titer and thus
lowering infection rate allows for the discrimination of individual
neurons and one can generate more or less sparsely targeted
neuronal populations (Noctor et al., 2001; Sanada et al., 2004). In
addition, delivery of an adeno-associated virus (AAV) encoding a
fluorescent protein and Cre recombinase in combination with a
reporter mouse carrying a conditional floxed allele of a candidate
gene of interest, can be also be used to target a specific population
of neurons (Kaspar et al., 2002). Generally, any approach using
a virus which can infect the cell population of interest, achieve
specific stable gene expression and reporter labeling can be
used to create paradigms for studying cell-autonomous gene
function and non-cell-autonomous effects in radial projection
neuron migration.
In utero Injection and Electroporation
Timed in utero electroporation for inactivation of a gene allows
for the sparse targeting of developing neurons in an otherwise
wild-type environment (Figure 2C). The inactivation of a specific
gene can either be achieved by electroporation of shRNA or
miRNA for gene knockdown, in combination with a reporter in a
wild-type animal. Alternatively, electroporation of an expression
vector which drives expression of CRE and a reporter in a mouse
carrying a conditional floxed allele of a candidate gene of interest,
can be used (Franco et al., 2011). These paradigms permit the
dissection and analysis of cell-autonomous gene function in the
targeted neurons. However, the presence of non-cell-autonomous
effects originating from the wild-type environment may be
present but not easily visualized (Figure 2C). Most studies so far
have used this paradigm to study cell-autonomous gene function
(Franco et al., 2011; Jossin and Cooper, 2011; Szczurkowska
et al., 2018; Kon et al., 2019). To investigate non-cell-autonomous
effects and mechanisms one would also need a separate set
of tissue only electroporated with the fluorescent reporter to
sparsely label the already mutant neurons in an otherwise
non-labeled mutant environment (Figure 2C). Having neurons
mutant for the same gene in two different environments would
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allow for the distinction of non-cell-autonomous mechanisms,
provided that a different phenotype is observed between the
mutant cells in each specific environment. In addition, having
wild-type neurons in an otherwise mutant background by
(over)expression of a rescue construct would further permit
the determination of non-cell-autonomous effects originating
from the mutant environment (Figure 2C). Only a few studies
have applied this paradigm of rescuing a few cells sparsely in
a mutant environment (Gupta et al., 2003; Sanada et al., 2004).
Similar to chimeras (Figure 2A), it is important to consider
the ratio of the mutant versus wild-type cells. For instance,
sparse electroporation allows for the investigation of the direct
interaction of cells of distinct genotypes. However, generating a
high amount of mutant cells within the wild-type environment
might create a local mutant microenvironment where specific
interactions between mutant cells could dominate. As a
consequence, the presence of a local mutant microenvironment
would make it difficult to distinguish cell-autonomous from
non-cell-autonomous responses. Therefore, the amount of the
electroporated cells should be considered carefully. While sparse
single cell deletion of a candidate gene may truly report
cell-autonomy of gene function, progressive local increase in
the number of mutant cells may lead to a sweet spot from
which onward non-cell-autonomous community effects emerge
(Nakagawa et al., 2019). Another way of generating very sparse
populations of cells using this method, is to transplant micro
dissected mutant cells from electroporated corticies to either
another wild-type or mutant brain by intraventricular injection
(Elias et al., 2007).
Consecutive electroporation enables cellular labeling,
genetic manipulation and the monitoring of two or more
distinct neuronal populations in the developing embryonic
brain (Figure 2D). The first neuronal population could be
electroporated for gene knockdown and the consecutive
population with control fluorescent markers or vice versa. In
such assay, the phenotype of the first cohort of electroporated
cells can reflect cell-autonomous gene function whereas
the phenotype of the second cohort of cells could reflect a
combination of directed non-cell-autonomous cues originating
from the first cohort and more global community effects (Jossin
and Cooper, 2011; Gil-Sanz et al., 2013; Baek et al., 2015;
Greenman et al., 2015).
In summary, sparse in utero electroporation for gene
knockdown or CRE-dependent conditional gene inactivation in
combination with fluorescent reporters facilitates the comparison
of mutant phenotypes in distinct cellular environments. Such
comparative studies, in principle, enable the systematic dissection
of cell-autonomous gene function and/or phenotypes in response
to gene inactivation and non-cell-autonomous mechanisms in
radial neuronal migration.
Mosaic Analysis With Double Markers
(MADM)
Mosaic analysis with double markers (MADM) technology
allows for the analysis of sparse genetic mosaic (sparse
mosaic) versus global/whole tissue (full-KO) ablation of a
candidate gene, and with single cell resolution (Figure 2E)
(Zong et al., 2005; Hippenmeyer et al., 2010; Beattie et al.,
2017; Laukoter et al., 2020). Therefore MADM provides
a unique genetic tool to investigate cell-autonomous gene
functions and the relative contribution of non-cell-autonomous
effects. By using MADM one can quantitatively analyze these
effects (Figure 2E) (Youn et al., 2009; Hippenmeyer et al.,
2010; Hippenmeyer, 2014). In the sparse mosaic animals,
mutant neurons are surrounded by ‘normal’ neurons and
therefore mainly provide information about cell-autonomous
gene function. In addition, the presence of non-cell-autonomous
effects originating from the ‘normal’ environment may be present
but not easily measured. In the full-knockout of a particular
candidate gene, mutant neurons are surrounded by other mutant
neurons, and it is not straightforward to distinguish between
cell-autonomous gene function and non-cell-autonomous
effects. However, one could quantitatively deduct non-cell-
autonomous effects by subtracting the phenotype present in
the sparse mosaic from the full/cKO (cell-autonomous + non-
cell-autonomous versus cell-autonomous (sparse mosaic)
(Figure 2E). The sparse mosaic versus full/cKO paradigm
thus offers a promising experimental platform to investigate
non-cell-autonomous effects because any phenotypic differences
observed when the two paradigms are compared can be
quantitatively assessed at single cell resolution (Beattie et al.,
2017; Laukoter et al., 2020). Nevertheless, generating a full-
knockout where all cells are mutant for a particular candidate
gene can be problematic since many migration genes are
lethal when knocked out completely (Hirotsune et al., 1998;
Sasaki et al., 2005). Conditional-knockout mice could be
analyzed, provided that floxed alleles are available. In the
future, systematic assay of almost any candidate gene will be in
principle enabled by the whole-genome MADM library resource
(Contreras et al., 2020).
Optogenetics
Optogenetics facilitates the use of genetically encoded tools to
temporally control gene expression or protein function with
light. It can facilitate localized modifications spatiotemporally
within living cells and animals, targeting a wide array of
proteins, e.g., involved in cell-migration, cell–cell adhesion, and
force transduction (Guglielmi et al., 2016; Mühlhäuser et al.,
2017). Using this method one can investigate how changes in
individual cells influence neighboring cells and global tissue
remodeling. So far, most experiments applying optogenetics for
studying cell-migration have mainly been applied to in vitro
cell culture systems and small in vivo systems, e.g., during
gastrulation (Wang et al., 2010; Kim et al., 2014; Weitzman
and Hahn, 2014; Valon et al., 2017; Wang and Cooper, 2017).
In the mouse brain, optogenetics have mainly been used to
activate, inhibit, or detect neuronal activity (Montagni et al.,
2019). However, spatiotemporal control of the expression of a
candidate gene or the activity of a specific signaling pathway
could provide valuable insights into the dissection of non-
cell-autonomous mechanisms in projection neuron migration.
Currently, various viral infection approaches and transgenic
mice expressing optogenetic effector proteins in a Cre-dependent
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manner can be utilized to generate photoactivatable cells and
tissue (Madisen et al., 2012; Guglielmi et al., 2016). These
approaches can create experimental paradigms similar to the
ones described above (mutant neuron in an otherwise wild-type
environment vs. wild-type neurons in a mutant environment)
(Figure 2F), however, with spatiotemporal control of gene
expression or protein function. This would allow exact targeting
of specific neurons at specific sequential steps along the migratory
path. In addition, one would be able to perturb cells of a
specific cohort to see the exact non-autonomous effects on the
surrounding non-stimulated neurons (Figure 2F). An interesting
aspect for which an optogenetic approach could also provide
information is to what extent the ratio of mutant and wild-type
cells in the same tissue is needed to see non-cell-autonomous
effects. Starting from targeting only one cell and then increasing
the area which is activated by light stimulation could reveal the
threshold for when non-cell-autonomous mechanisms emerge
dependent on the cell ratio of mutant vs. wild-type present.
However, for in vivo and in situ experiments of mouse tissue,
such an optogenetic approach might prove technically difficult.
Activating one specific moving cell or a certain area of the
tissue with a beam of light can be quite difficult in vivo and in
three-dimensional intact tissues.
In toto Live-Imaging
In toto live-imaging can visualize the movement of individual
cells and their interactions with the surrounding cells within the
whole developing tissue (Megason and Fraser, 2007; Veeman
and Reeves, 2015; McDole et al., 2018). This would enable
a direct assessment of non-cell-autonomous effects exerted by
the neighboring cells on an individual cell or vice versa. So
far, this method has mostly been used to visualize cell and
collective migration behaviors in smaller in vivo systems such
as, e.g., Drosophila (Krzic et al., 2012; Tomer et al., 2012),
zebrafish (Nogare et al., 2017; Hiscock et al., 2018; Shah
et al., 2019) and larger systems such as mouse gastrulation
and heart tissue (Megason and Fraser, 2007; Stewart et al.,
2009; McDole et al., 2018; Yue et al., 2020). In toto imaging
mostly involves labeling of all cell membranes so each cell in
the organism/microenvironment can be tracked and segmented
(Nogare et al., 2017). In addition, both the cell membranes and
the cell nuclei can be labeled in two individual colors for a more
precise segmentation which does not rely on estimation. For
in vivo studies of embryogenesis, a two-color combination of
a membrane-localized fluorescent protein and a histone-fused
fluorescent protein labeling chromatin enables the tracking of the
cell membrane morphologies and nuclei movements (Megason,
2009; Stewart et al., 2009). Tracking all cells in an area of interest
and their physical interactions would allow for a much more
detailed analysis of the cellular dynamics which are ongoing
during neuronal migration (Figure 2G). Achieving a resolution
in which the exact cell boundaries of the neurons could be tracked
spatiotemporally would enable the mapping of the physical
interactions and forces which are exerted by the individual cell
and that of the surrounding cells. Such mapping could help
understand where and when certain cell dynamics are being
subjected to non-cell-autonomous forces that evoke a response
in the individual cell from the surrounding environment or vice
versa. Future development of imaging approaches like, e.g., light-
sheet microscopy could facilitate the spatiotemporal resolution
needed to visualize the migration of interacting neighboring cells
in bigger tissues like the mouse cerebral cortex.
OUTLOOK
Non-cell-autonomous mechanisms play an important role
during brain development. However, little is known about
the exact nature and physiological function of these non-
autonomous mechanisms in radial neuronal migration. Thus,
a number of open key aspects and questions require attention
in future investigations. First, how can non-cell-autonomous
mechanisms be distinguished from cell-autonomous cues and
intrinsic gene function? Second, how can non-cell-autonomous
effects be quantified and the underlying mechanisms determined?
Third, what role do non-cell-autonomous mechanisms play in
disease? Focal malformations of cortical development (FMCD)
represent one example of a disorder where a localized cortical
lesion, i.e., mutations in a small fraction of cells, disrupts
the entire cortical architecture. In the most severe cases,
devastating pediatric hemimegalencephaly may emerge, which
is characterized by enlargement of one entire cerebral cortex
hemisphere (Lee et al., 2012; Poduri et al., 2012, 2013;
Rivière et al., 2012). Hence, it is also important from a
clinical perspective to precisely dissect the contribution of
non-cell-autonomous, tissue-wide and systemic mechanisms
in cortical development in general and neuronal migration
in particular. The better understanding of the interplay of
cell intrinsic gene function and non-cell-autonomous effects
will enable further comprehension of the underlying etiology
of neurodevelopmental disorders due to genetic mutations
(Guerrini et al., 2008; Guerrini and Parrini, 2010).
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